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SUMMARY

Prototype low-noise miniature accelerometers have
been fabricated with electron-tunneling transducers. The
electron-tunneling transducer permits detection of small
displacements of the proof mass with high electrical
response; such a transducer is essential for a high-
performance miniature accelerometer. Prototype
accelerometers have shown self-noise of approximately
10-7 g per root Hz or less between 10 and 200 Hz, and
close to 10-8 g per root Hz near the resonant frequency of
100 llz,  Dircctivity measurements give nulls at least 50
dB below the maximum. A dual-axis prototype designed
for underwater acoustic applications is packaged in an 8
cn13 volume with a mass of 8 grams.

I N T R O D U C T I O N

Displacement transducers based on electron tunneling
have been proposed for a variety of physical sensors,
because of the high position sensitivity of electron
tunneling. Displacement resolutions approaching 10-4

~/~}Iz have been shown by Waltman  and Kaiser [1 ] and
by Kenny cl a/. [2] for tunnel transducers. Several
workers have demonstrated acceleration n~easuremcnt
using electron tunneling transducers. In a device based on
a piczoelectric bimorph  and a gold wire, Waltman  ancl

Kaiser observed an acceleration resolution of 10-5 g/@z
with a bandwidth of 3 kl Iz, where g = 9.8 n~/s2.  Makinp,
use of a miniature STM fitted with a 2 gram proof mass,
Baski ef al. [3] observed a resolution better than 10-4

g/{F{z in a 200 llz, band. Kenny et al. [2] used silicon
micromachining to fabricate a tunneling accelerometer
using a gold-coated silicon tip as a tunneling tip, and a
folded cantilever supporting a 30 mg proof mass. An

acceleration self-noise of 10-7 g/~.lz at 10 Hz was
inferred from noise measurements [2, 4] on this 200 Hz.
bandwidth dcvicc. Other tunneling accelerometer
development activities include that of Zavracky  et al. [5].

Numerous workers have described other applications for
electron tunneling transducers. [6-1 1] Micromachined
silicon accelerometers with ~g resolution, not based on
electron tunneling, have also been described [12].

Wc previously described a silicon micromachined
dual-clement electron tunneling accelerometer design
which consists of a proof-mass suspension with a
relatively low resonant frequency of 100 Hz or less, and a
high-frequency cantilever with a resonant frequency of 5
to 10 kHz [13-15]. A cross-section of this accelerometer
is schematically illustrated in Fig. 1. Electron tunneling
takes place between a gold-coated silicon tip on the proof
mass and a countcrelectrode on the high-frequency
cantilever. Feedback control is used to maintain constant
tunneling cur~ent by causing the high-frequency cantilever
to closely follow the motion ofthc  proof mass.
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Figure 1. Schetnatic  illu.vtration of the cross-section of the
dual  eiemenl e[ectrm  turmelirrg accelerometer.

Because the feedback control is applied to the high-
frcquency  cantilever, the bandwidth for stable operation is
not Iirnitcd  by the resonant frequency of the proof mass
suspension; hence, operation from a few Ilz to a kHz is
readily obtained. };ul-thermore, the resonant frequency of
the proof mass can bc chosen to optimize low-frequency
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performance, recognizing that low-frequency responsivity
of an accelerome(cr  increases as the inverse of the proof-
mass resonant frequency squared. Coarse adjustment to
bring the tunnel tip within range for tunneling is
accomplished by applying a low-pass-filtered feedback
voltage to electrostatic deflection electrodes on the proof
mass.

in this previous work, mechanical-thermal noise for
small masses in a high-performance miniature
accelerometer was analyzed and compared with shot and
Johnson noise in the electron tunnel circuit [ 13- 16]. It
was shown that mechanical-thermal noise for small
masses is an important contributor to the self-noise of a
high-performance miniature accelerometer. For example,
a 100 mg proof mass with a 50 llz suspension and a Q of

5 contributes about 10-8 g /fi~ to the accelerometer self-
noise, while shot and Johnson noise contribute much less.

I’IWFORMANCE  MODEL

Kenny et al. [2] have measured noise in the tunnel
current for gold-coated electrodes, showing a 1 If
dependence in the noise power, consistent with other
measurements [ 1 7]. I.ater current noise measurements,
conducted with a gold-coated tip and counterelectrode in a
simple configuration and averaged over man y
measurements were converted to a displacement noise by
calibration with a laser vibrorneter [1 8]. These
measurements gave rms displacement noise of 6 x 10-3,

1.5 x 10-3, and 5 x 10-4 ~/~}lz at 10, 100, and 1000 IIz,
respectively. We have modeled expected accelerometer
self-noise by assuming a 1 / ~f dependence of the
displacement noise amplitude as obtained from the above
measurements. Displacement noise was converted to a
noise-equivalent acceleration through the transfer
function:

i - ” - -Acceleration = 47r2Z (f: - f2 )2 + f 4 I @
where Z is the displacement of the proof mass relative to
the case, Jo is the proof-mass resonant frequency, and Q
is the mechanical quality factor [1 5]. A simplified form
of the resulting self-noise prediction is illustrated in Fig. 2
for an mQ product of 10-3 kg, corresponding to a 100 mg
proof mass and a Q of 10, for example (m is the proof
mass). Three cases, for resonant frequencies of 20, 50 and
100 llz, are shown. Mechanical-thermal noise is also
inc]udecl where it dominates over tunnel transducer noise,
As expected from the transfer function, Fig. 2 illustrates
that the noise on the high frequency side is independent of
resonant frequency, whereas that on the low frequency
side can be reduced by reducing the resonant
frequency.For a resonant frequency f. of 1001 Iz, the self-
noise is dominated by tunnel transducer noise. For lower
resonant frequencies, the contribution of tunnel transducer

noise to equivalent :icceleration noise is reduced, and
mechanical-thcrtnal noise (horizontal segments in the
figure) dominates in a specific frequency band,
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Figur,>  2. Simplied version of predicted accelerometer
self-noise,  based on measured displacement noise for
m icromachined elec[ron iunneling sensors and on
theoretical mechanical-thermal noise. Horizontal
segments derivefrom  tnechanical-ther mal  noise.

For tl,e parameters chosen and a resonant frequency of 50

Hz, the figure illustrates self-noise less than 10-8 g/~fiz
from 2 to 100 }12. Further reduction in f. brings
additional reduction of the low-frequency acceleration
noise; however, such reductions in f. are accompanied by
larger deflections of the mass in a gravitational or other
acceleration force field and also by
sosce~)tible to fracture.

lLXPIH{IMEN1’AL

Accelerometers were fabricated
micromachining a s described earlier
accelerometer consists of three components, one
containing the high-frequency cantilever, one containing
the proof mass, and one forming a stop to prevent large
excursions of the proof mass. E~xternal  dimensions are

~ The proof nlaSS iSapproximately 1.4 x 1.2 x 0.1 cm.

suspetlded from one edge in a silicon “hinge”
confip,uration.  A metal square of about 60 mg was
bcmded to the 23 rng silicon proof mass to give the desired
mass. A silicon pyramid was etched near the free end of
the proof mass and coated with diffusion barrier layers
and gold to form the tunnel tip.

Accelerometer responsivity  has been determined on
two vibration test stations. one station consists of a
massive metal plate suspended from a tripod with elastic
cords to provide isolation from floor vibration; coupling
of horizontal , floor vibration is reduced through the
ptxrdolum  nature of the suspension, The test

springs more

with silicon

[15]. The
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accelerometer and a Kistler  Piezobeam  r e f e r e n c e
accelcrcrmcter  were mounted back-to-back, with the test
accelerometer mounted in a vacuum chamber attached to
thcrnetal  plate. I’hecornposite  wasdriven  by a sinusoidal
vibration. Responsivity and directivity were also
determined in a standard gradient-hydrophore calibrator.
The noise floor was determined in a vacuum-isolation
chamber.

Figure 3 shows responsivity vs. frequency for a
prototype device with aresonance  frequency near 100 Hz.
The device in this case is operating in an air pressure of 1
Torr. At this pressure, Q is approximately 5. The low-
frequency response is approximately 15 kV/g.
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Figure 3. Responsivity  vs. frequency.
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I“igurc  4. Noise tnecssured for an electron tunnel
occelcrometer  and for a miniature cornnrercial  Kistler
accclcrotncter  for comparison, The peak near 15 llz was
shown independently to be due to the environment. The
tunnel accelerometer data were obtained frotn a frequency
scan; the K-beam data were obtained by averages at
selected freq ucncies.

Fi~~ure  4 shows the noise floor measured for this
device in a wicuum isolation chamber. T’he minimum

near 90 Hz is near 10-8 g/{}Iz At 10 IIz, the measured

noise is 1.5 x 10-7 g/{Hz The peak around 15 }Iz is due
to the environment, as confirmed by independent
measu rernents  with ott Ier sensors.

Dilectivity measurements performed in the gradient
hydro~lhone  calibrator showed that the nulls perpendicular
to the axis of the accelerometer are at least 50 d13 below

the maxima.

I’ACKAGING

A dual-axis prototype is packaged in an 8 cn13 sphere
for underwater acoustic applications. Two electron
tunneling accelerometers are mounted in quadrature on a
cubic frame; hybrid electronic substrates populated with
surface-mount components are mounted on two
complementary faces of the cubic frame to provide
feedback control electronics, ‘fhe circuit, based on the

dual control feedback circuit described earlier [13- 14], is

revised to reduce power consumption. Quiescent voltages
of apimoxirnately 100 V and 50 V are applied to the
deflection electrodes of the high-frequency cantilever and
the proof mass, respectively.

CONCLUSIONS

Miniature dua]-e]ement  accelerometers based on
electron tunneling transducers have been fabricated and
tested. Operation over more than a kHz bandwidth, with

limitir,g detectabilities of 10-7 g/~Hz o r  bet ter  between

10 and 200 Ilz, has been demonstrated, Detectability near

10 -8 g /fiz at 1001 Iz. has been demonstrated. Nulls for
excitation 90(’ off-axis are at least 50 dE3 below the
maxinla.  Predictions based on empirical data for electron
tunneling transducers indicate that lower detectibilites,  -

10-8 ~,/m; from several 112 to 100 }Iz, for example, are
possible. Work is continuing to lower the limiting
detectability.
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